Determining peak metamorphic temperature of low grade rocks has always been a challenge. X-ray diffraction (XRD) is an established technique for the determination of constituent phases in solid-solution series. Differences in ionic sizes between substitute and host cations lead to systematic variations in unit-cell parameters and inter-planar spacings that can be measured using XRD. This approach has been widely used in analyzing rhombohedral Ca-Mg carbonates, for example, the composition of biogenic and inorganic (Ca, Mg)CO 3 crystals are often calculated by comparing the difference in d 104 value with the published determinative curves (Zhang et al., 2010; Raz et al., 2000; Falini et al., 1996; Bischoff et al., 1983; Milliman et al., 1971) . At least five empirical curves are currently known in the literature (Bischoff et al., 1983; Milliman et al., 1971; Goldsmith et al., 1961 Goldsmith et al., , 1955 Goldsmith and Graf, 1958; Chave, 1952). Determinative curves based on synthetic magnesian calcite crystals are probably the most widely used (Milliman et al., 1971; Goldsmith et al., 1961; Goldsmith and Graf, 1958) .
INTRODUCTION
Determining peak metamorphic temperature of low grade rocks has always been a challenge. X-ray diffraction (XRD) is an established technique for the determination of constituent phases in solid-solution series. Differences in ionic sizes between substitute and host cations lead to systematic variations in unit-cell parameters and inter-planar spacings that can be measured using XRD. This approach has been widely used in analyzing rhombohedral Ca-Mg carbonates, for example, the composition of biogenic and inorganic (Ca, Mg)CO 3 crystals are often calculated by comparing the difference in d 104 value with the published determinative curves (Zhang et al., 2010; Raz et al., 2000; Falini et al., 1996; Bischoff et al., 1983; Milliman et al., 1971) . At least five empirical curves are currently known in the literature (Bischoff et al., 1983; Milliman et al., 1971; Goldsmith et al., 1961 Goldsmith et al., , 1955 Goldsmith and Graf, 1958; Chave, 1952) . Determinative curves based on synthetic magnesian calcite crystals are probably the most widely used (Milliman et al., 1971; Goldsmith et al., 1961; Goldsmith and Graf, 1958) .
Owing to the abundance of calcite and dolomite in the Earth's crust, knowledge of their limits of stability can be used to assess the conditions of temperature prevailing during their formation and subsequent metamorphism. The calcite-dolomite solvus in the system CaCO 3 -MgCO 3 was first investigated by Graf and Goldsmith (1955) and Harker and Tuttle (1955) . They recognized that the temperature dependence of the amount of MgCO 3 in calcite in equilibrium with dolomite is potentially a precise method of estimating metamorphic temperatures. Goldsmith (1958, 1955) and Goldsmith et al., (1955) used XRD to determine the MgCO 3 content in natural and synthetic samples to establish phase relationships in the CaO-MgO-CO 2 system from the concentration of 0 to 15 mol.% of MgCO 3 . Later on, calcite-dolomite thermometry has been widely used (e.g., Wada and Suzuki, 1983; Bowman and Essene, 1982; Iii et al., 1982; Nesbitt and Essene, 1982; Ralph and Diane, 1980; Rice, 1977; Suzuki, 1977; Puhan, 1976; Hatcher et al., 1973; Hutcheon and Moore, 1973; Sobol, 1973) . Talantsev (1978 Talantsev ( , 1976 , Bickle and Powell (1977) , and Barron (1974) evaluated the effect of FeCO 3 on calcitedolomite thermometry and reported that its effect is negligible at concentrations <1 mol.%. Bickle and Powell (1977) reported that the metamorphic temperature of coexisting calcitedolomite samples from the Glockner area of the Tauern Window, Austria ranged from 410 to 490 o C. The solvus temperature determined from XRD data for Grenville calcite ranged from 415 to 485 o C (Sheppard, 1966) . Höy (1970) estimated a temperature of 600 o C by using the calcite from brucite marble. Puhan (1976) determined the metamorphic temperature of marble samples from the Damara Orogen, Southwest Africa and reported 620 o C temperature based on dolomite-calcite geothermometer. Goldsmith and Newton (1969) calculated the pressure effect on the solubility of MgCO 3 in calcite by a regular solution theory. They reported that the effect of total pressure on the solubility of MgCO 3 in the calcite structure was about 0.12 mol.% per kb at temperatures ranging from 500 to 800 o C. They applied calcite-dolomite geothermometer for metamorphic temperature evaluation, based on the solubility of magnesium in calcite in the calcite+dolomite assemblage, which has been shown to be more sensitive to temperature than pressure.
In this work the coexisting calcite-dolomite marbles from Nikani Ghar marble and Nowshera Formation (northern Pakistan) were thoroughly investigated for the first time for determination of temperature of metamorphism using the magnesian calcite geothermometer. Temperatures were evaluated by applying the calcite-dolomite geothermometer (Goldsmith and Newton, 1969) , based on the solubility of magnesium in calcite in the calcite+dolomite assemblage. The magnesium content of calcite coexisting with dolomite (expressed as mol.% MgCO 3 ) was estimated by both XRD and electron microprobe (EMPA) operating in the energy dispersive (EDS) mode and the stoichiometric composition of CaCO 3 was determined.
MATERIALS AND METHODS

Study Region
The variety of metamorphic rocks in Himalayas is astounding. Accordingly, there is no dearth of scientific literature on deciphering the metamorphic history of these rocks. In general, the northern Pakistan is home to medium and high-grade metamorphic rocks; however, the Sub-Lesser Himalayas (i.e., Himalayan hinterland) exhibit a huge swath of low grade metamorphic rocks. The Peshawar Basin is part of the Lesser Himalayas. The study area lies between the foreland of the main mantle thrust (MMT) and hinterland of the main boundary thrust (MBT) and hence defining the Peshawar Basin. The MMT, in general, defines the northern margin of the Indian plate in Pakistan (DiPietro et al., 2000) and is consequently deformed extensively (Fig. 1) . The deformation style is a combination of folding, foreland-directed thrusting and regional metamorphism (Pogue et al., 1992; DiPietro and Lawrence, 1991; Lawrence et al., 1985; Rosenberg, 1985) . The MBT is a regional thrust that separates pre-and post-Himalayan rocks. a a a a a a a a a a a a a a  a a a a a a a a a a a a a a a a a  a a a a a a a a a a a a a a a a a  a a a a a a a a a a a a a a a a a  a a a a a a a a a a a a a a a a a  a a a a a a a a a a a a a a a a a  a a a a a a a a a a a a a a a a a  a a a a a a a a a a a a a a a a a  a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a Kazmi and Rana, 1982) , showing location of the study area within the tectonic domain of Pakistan.
undergo multiple deformations with at least four periods of folding during a single Paleogene metamorphism (DiPietro and Lawrence, 1991) . These rocks are generally fine to mediumgrained with occasional coarse-grain varieties at places, dominantly composed of calcite with minor ore, quartz and traces of dolomitized grains. The grains are subhedral to anhedral. Ahmed (1986) reported that the amphibolites exposed in the area were igneousin nature indicating that the area was 'thermally' disturbed during and after regional metamorphism. An igneous injection tends to follow a path of mechanically weak zone, e.g., fractures and bedding planes. The process of injection in itself creates further mechanical instabilities like fractures, cracks and localized 'baking' effects. In this area granite magmatism is common. The MBT was mainly responsible for exposing the oldest Paleozoic rocks (e.g., Nowshera Formation) on the southern margin of the Peshawar Basin. The Nowshera Formation is mainly composed of recrystallized impure limestone and dolomite with subordinate phyllite, crinoidal limestone and quartzite in the southern part (Nowshera) of Peshawar Basin and has calcite and dolomitic marble in its northern exposures (i.e., near Swabi). It is equigranular, compact and hard. The bedding is medium to thick and massive. The deposits are not extensive and appear in isolated small outcrops. The marble contains various calcite filled veins, veinlet's and cavities. Yellowish to dark brown coatings and patches of ferruginous material are also found along these fillings. The marble also contains fossil remains, which gives the polished surface a very attractive appearance. The present study targets three major areas (i.e., Nowshera, Swabi and Buner districts, Pakistan) for Nikani Ghar marble and Nowshera Formation that rim the Peshawar Basin (Fig. 2) . A total of 9 samples were collected from these formations (marked with sample numbers in Fig. 2) and location of the investigated specimens are given in Table 1 . The samples are classified on the basis of collection area and their mineralogicalcomposition. In this study two types of marbles were selected: calcite-dolomite marble and quartz-bearing calcitedolomite marble. Calcite-dolomite marble is classified as a distinct unit because of the predominant calcite and dolomite phases. The dolomite grain size varies from sample to sample. Quartz-bearing calcite-dolomite marble is named because of the presence of quartz in substantial amount. Calcite is the major mineral and is generally medium to coarse grained (≥400 µm). Dolomite occurs in minor amounts.
Characterization Methods
A Zeiss-Axioplan-1 polarizing photomicroscope with a Canon A630 digital camera was used for petrographic analysis. XRD was used to determine the MgCO 3 content in calcite as it has been reported as the most accurate method for the determination of MgCO 3 content in magnesian calcite (Goldsmith and Newton 1969) . It is often difficult to determine the composition of many run-products using electron microprobe (EMPA) because of their fine-grained nature (Powell et al., 1984) while inter-planar spacings (d-values) are sensitive to compositional variations; therefore, to avoid erroneous results e.g., in the case of coherent submicroscopic intergrowths, XRD was used. For XRD, marble samples were powdered using a mortar and pestle system and back-filled into glass sample-holders or evenly spread over the surface of a glass slide using a small amount of acetone. After drying, the samples were inserted into the X-ray diffractometer.
A Bruker AXS advanced D8 discover XRD, operating at 40 kV power and 40 mA current, with Cu kα radiations (λ~1. A Cameca SX-100 electron microprobe operated at 15 kV and 10 nA with a time constant of 5 s (University of Cambridge, UK) was used for the determination of core composition of the rock. The Rietveld refinement method was used for the determination of unit cell parameters of coexisting calcite-dolomite crystals.
The magnesium-content embedded within calcite was used in the determination of its metamorphic temperature and as mentioned earlier, XRD is the most accurate method for the determination of MgCO 3 content in magnesian calcite (Goldsmith and Newton, 1969) . The relationship between the MgCO 3 content of calcite and its d-spacings has been reported by Goldsmith et al., (1955) . The d 104 values determined by XRD for calcite were converted into MgCO 3 mol.%. The Rietveld method employs the entire powder diffraction pattern, thereby overcoming the problem of peak overlap. In this method, each data point (2θ-step) is considered as an observation, which thus allows the maximum amount of information to be extracted from the pattern. During the refinement procedure, structural parameters, background coefficients, and profile parameters are varied in a least-squares procedure until the calculated powder profile, based on the structure model, best matches the observed pattern (Rietveld, 1969 (Rietveld, , 1967 . The General Structure Analysis System (GSAS) program with EXPGUI, a graphical user interface for GSAS was used for the Rietveld refinement analyses (Toby, 2001; Larson and Dreele, 1994) . Chemical analysis was performed by X-ray fluorescence spectroscopy (XRF). Scanning electron microscopy (SEM) observation was performed on 4×4×4 mm 3 samples which were polished and gold coated before using in a JEOL JSM 5910 SEM at the Centralized Resource Laboratory, University of Peshawar (Pakistan).
RESULTS AND DISCUSSIONS
The dolomite marble specimens contained 2.5 mol.% to 7.93 mol.% MgCO 3 (Table 2) . From the composition point of view, Nikani Ghar marble samples (except sample BN-35, Table 2 ) contained lower amounts of MgCO 3 than the samples from Nowshera Formation (except samples NW-714 and NW-815). The observed variation in MgCO 3 content may be due to the variation in the mineralogy of the samples because the mineral assemblages were different at different locations. Samples from Nikani Ghar marble were composed mainly of calcite, dolomite (XRD) and apatite, quartz or pyrite in some specimens while samples from Nowshera Formation were composed of iron-oxide, quartz, muscovite and pyrite in addition to carbonates. The samples NW-511 and NW-612 from Nowshera Formation were mainly composed of calcite and dolomite but contained the highest MgCO 3 content among the tested calcites (Table 2 ). The calcite of quartz-bearing calcitedolomite marble (samples NW-714, NW-815) showed relatively lower MgCO 3 content (Table 2) .
Thin-section optical microscopy (Figs. 3a, 4b ) and SEM (Figs. 4a, 4b ) revealed the presence of two generations of dolomite.
(a) The generation corresponding to large dolomite crystals (>140 µm) with rhombohedral form, may be the primary mineral.
(b) The second generation corresponding to calcite which dissolved magnesium during metamorphism with the maximum at the highest temperature (Table 2) . Upon cooling, magnesium exsolved from the calcite solid solution, thus "bleblike" dolomite is formed. These textures are noticed in samples BN-46 and NW-815 (Figs. 3a, 3b) . The calcite in such samples contained low amounts of magnesium in its structure; therefore, the temperature determination could give a low value. The small Fe peak in the EDS spectrum (Fig. 4 ) may be because of the sub-microscopic exclusion of iron bearing lamellae. Consistent with this result up to a maximum of up to 0.283 wt.% iron oxide was observed in XRF analysis of the investigated rocks (Table 3) . Optical microscopy revealed less dolomite in few samples (e.g., in BN-13, BN-24 and BN-35), insufficient to be detected by XRD; however, the other magnesium-rich calcite samples demonstrated a strong dolomite reflection. Curves of mol.% MgCO 3 vs. temperature were established by Goldsmith and Newton (1969) , Goldsmith (1958, 1955) , and Harker and Tuttle (1955) . Figure 5 shows the temperatures derived from the present study and a comparison with the results reported by Goldsmith and Newton (1969) . The values were found to be in good agreement. The MgCO 3 content calculated from XRD data was found to be ranging from 2.50 mol.% to 7.93 mol.%. Consequently, the investigated calcite-dolomite marbles indicated a metamorphic temperature of formation ranging from 414 to 628 o C. The observed variation in the metamorphic temperature for BN-13, -24, -35, -46 may be due to the proximity to the fault (Fig. 1) . It was noticeable that phyllite was present in the Nowshera Formation whereas the analyzed samples were from the northern part of the Peshawar Basin whereas the Nowshera Formation does not have any pelitic rocks. There are some localities near the sampling sites where garnet has been reported but it seems that this high temperature (500-628 °C) is because of the large scale faulting and not burial effect.
The quartz-bearing calcite-dolomite marble generally gave rather low temperature ~500 o C (Table 2 ). This is in close range to the independently established peak metamorphism temperature of 400 o C by conodonts colour index (Pogue et al., 1992) . These results are also presented in histogram form in Fig. 6 . With regard to the EMPA with EDS of the whole rock sample, the resulting values of MgCO 3 content were found to be ranging from 0.10 mol.% to 2.23 mol.%, indicating the metamorphism temperature to be lower than 400 o C. The chemical analysis with the XRF and EPMA-EDS for MgCO 3 (<2.23 mol.%) for the investigated samples (Table 4) were consistently lower as compared to the present XRD findings Table 2 . Triangles (▲) are data of Goldsmith and Newton (1969) . Goldsmith et al. (1961) , and Goldsmith and Graf (1958) . The Rietveld refinements showed good agreement between calculated diffraction patterns and observed XRD patterns (Fig. 9) . The difference between the refined d 104 values and XRD patterns were generally <0.002 Å. (Goldsmith et al., 1961; Goldsmith and Graf, 1958) . 
CONCLUSIONS
The present results indicate a rather wide range of temperatures derived from Mg-calcite. All the investigated samples contained both calcite and dolomite. The highest temperature determined (Table 2) , was 628 o C for the sample from Nowshera Formation (sample NW-612). Petrographic and SEM analyses of dolomite samples indicated different grain sizes. The coarse grained fractions are believed to be primary dolomite equilibrated with calcite during prograde metamorphism. The magnesium substituted at maximum amounts when the highest metamorphic temperature was reached. On cooling, dolomite exsolved from calcite. This exsolved dolomite constitutes the relatively finer grained fraction and appears as a "bleb-like" texture. Nikani Ghar marble samples have shown lower contents of MgCO 3 (except sample BN-35) as compared to samples from Nowshera Formation (except samples NW-714 and NW-815). The quartz-bearing calcite-dolomite marble has also showed relatively lower MgCO 3 content and hence rather low temperature (~500 o C). The metamorphism temperature of calcite-dolomite marble ranges from 414 to 628 o C. Metamorphic temperatures derived from the present study (shown as a linear graph and table) were in good agreement with those of Goldsmith and Newton (1969) . Based on the investigation carried out on selected specimens, curves of d 104 values and lattice constants a o and c o vs. the MgCO 3 content in the coexisting calcite-dolomite were constructed. The Rietveld refinements showed good agreement (within <0.002 Å) between the observed and calculated XRD patterns in terms of d 104 values. Metamorphic grade of rocks from the Peshawar Basin have mostly been assessed by their tectonic position and/or mineralogy. These results will provide an alternative view and estimation.
